Abstract. In the past years, many transition disks have been detected via SED modeling or imaging. The disks feature dust cavities in their inner regions with sizes ranging from a few to more than 70 AU. The origin of those structures, however, remains mysterious. We will present how our recent simulation results, which include gap opening by a giant planet and effects of dust evolution, could explain these structures.
Introduction
While today's instruments enable detailed studies of extrasolar planets, their statistics [1] [2] [3] , or their atmospheres [4] [5] [6] , their formation occurs hidden in the dense environments of protoplanetary disks. A particular class of protoplanetary disks, the so called transition disks, has been identified through a dip at mid-infrared wavelengths which could be modeled through a dearth of dust in the inner regions [7] . In recent years, (sub-)millimeter imaging has confirmed that these disks have a substantial deficit in their dust surface density in the inner regions [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] .
These observations have been interpreted as being a signature of inside-out dispersal by photoevaporation [18] [19] [20] [21] [22] , by opacity reductions caused by growing dust grains [23] [24] [25] [26] , or by structures caused by giant planets [27] [28] [29] or vortices [30, 31] . Understanding the origin of these observations would be a milestone towards understanding the structure and evolution of protoplanetary disks and the formation of planets. In the following we will summarize some recent developments in this area of research and present new results which could explain the origin of transition disks. a normal SED signature while still having a lack of dust surface density in the inner disk [17] . The current census of imaged protoplanetary disks is far from complete, but the sample of nearby, mmbright disks which have been observed at mm-wavelength show that the fraction of transition disks should be somewhere between 25 and 70 % [17] . This fraction indicates that the life time of the transition phase of the disk is comparable to the disk life time. This is in contrast to the two-timescale behavior of photoevaporation models in which a disk vanishes quickly once the accretion rate through the disk has dropped to values which are comparable to the photoevaporative mass loss rates [18] . Transition disks seem to have somewhat lower accretion rates than standard disks [17, 32] , but these rates are still too high to be explained by current X-ray and FUV photoevaporation models.
Lastly, the median hole size of those mm-bright disks is 35 AU with many cases beyond 70 AU [17] . In contrast to this, the inner radius of holes created by photoevaporation is close to the gravitational radius, so typically around 2-3 AU. The subsequent inside-out dispersal of the disk is too fast to explain the large number of cases with large cavity radii [33] .
Taken together, these facts make it seem very unlikely that photoevaporation can be the cause of all disks with inner cavities. However, it is possible that there are two populations of transition disks, one with low accretion rates and small inner holes and a second population of disks with large accretion rates and large cavity radii. This scenario is supported by the statistical analysis of [34] .
Grain Growth
The time scales on which grain growth acts are proportional to the orbital time scale and the dustto-gas ratio [35] [36] [37] . It was therefore suggested that grain growth which occurs faster in the inner regions of the disk locks up most of the dust mass in large bodies which become effectively invisible to observations. Indeed, models of grain growth presented in [23] and [24] showed a dip in the mid-IR part of SEDs. However these models were only able to achieve this if grains would only stick and not fragment upon mutual collisions. Fragmentation acts as a source of small dust which effectively keeps the disks optically thick at visible wavelength [38] .
In [36] and [39] , we have shown that models of the dust size evolution and radial transport can lead to situations where dust fragmentation is kept at a low enough level and consequently, a dip in the IR is observed even though fragmentation is included in the model. However, these models are unable to produce large enough inner holes in the necessary time frame. Additionally, any opticaldepth declines seem to be too smooth to explain the observed sharp cavity edges. However, the shapes of the cavity edges are still under debate [40] .
In summary, pure grain growth effects do not seem to be able to explain the observed signatures of transition disks.
Planets & Instabilities
The possibility that transition disks are caused by a companion embedded in the disk is compelling and often quoted, however it has not been conclusively excluded or confirmed yet. Early models have been presented in [41] assuming a constant dust-to-gas ratio, but the physics of growth and transport of dust complicates this scenario. The challenge comes from the fact that transition disks can have very large, thoroughly-depleted cavities while still maintaining a significant accretion rate onto the central star. This cannot be explained even if multiple giant planets were to be embedded in the disk [29] .
The possible solution to this is called "dust-filtration": in this picture, a single planet disturbs the gas disk causing not only a gap in the gas disk around the planet, but also a pressure maximum which can be significantly further outside the planets radius (e.g., 10 Hill radii for a planet five times the mass of Jupiter). Such a pressure maximum could also be produced by a large scale vortex [31, 42] . Grains which have grown to sizes of about a millimeter to a meter react sensitively to the pressure gradient of the disk, i.e. they move towards pressure maxima [43, 44] . This way, dust drifting from the outside-in gets trapped at the position of the pressure maximum. Gas on the other hand can flow past the planet, apart from the fraction which is accreted onto the planet. Therefore, the disk inward of the planet is still resupplied by gas, but cut-off from its resupply of dust. The mobility of dust allows a quick formation of the inner cavity and at the same time a long life time of the trapped dust outside of the planets orbit.
Shattering dust collision can redistribute some of the dust mass from the large grains into small dust which is well coupled to the gas flow. This opens a path for a small fraction of the dust to be transported into the inner regions. Which sizes can be transported this way depends on the shape of the surface density at the disk edge, the planets mass, and the details of the coagulation / fragmentation cycle.
Summary and conclusions
In this paper, we have summarized some of the recent attempts of modeling and explaining the origin of transition disks, i.e., disks with large inner dust cavities. We have discussed that both photoevaporation and grain growth are unable to explain all the observed signatures of transition disks. Large scale pressure maxima, which can be produced either by a giant planet embedded in the disk or by large scale vortices are able to filter large dust grains and allow only accretion of small dust. This way, the inner disk quickly becomes devoid of large dust -in agreement with mm imaging -while the outer disk can retain large grains by trapping them in the pressure maximum. The amount of small dust that is produced by fragmentation events and the details of the flow pattern around the planet determine how much fine-grained material is entering the inner disk.
Future work will focus on the details of this filtration effect, how it depends on the corotation region, and how its implications can be further tested by observations.
